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,QWHUQDWLRQDO&RQIHUHQFHRQ)XWXUH&RPSXWHU6XSSRUWHG(GXFDWLRQ
7KH6WXG\RI(OHFWURQLF'HVLJQ3XEOLF(OHFWLYH&RXUVHV
7HDFKLQJLQ&ROOHJHVDQG8QLYHUVLWLHVE\7LQD3UR
<DQJ6KD
=XQ\L1RUPDO&ROOHJH6FKRRORI3K\VLFVDQG0HFKDQLFDO	(OHFWULFDO(QJLQHHULQJ=XQ\L

$EVWUDFW
:LWK WKH FRQWLQXRXV GHYHORSPHQW RI ('$ WHFKQRORJ\ LWV DGYDQWDJH LQ HOHFWURQLF FRXUVHV WHDFKLQJ LQ FROOHJH DQG
XQLYHUVLWLHVLVEHFRPLQJLQFUHDVLQJO\SURPLQHQW7KHLQWURGXFWLRQRI7LQD3URWHFKQRORJ\LQWRWKHWHDFKLQJRI(OHFWURQLF
'HVLJQSXEOLFHOHFWLYHFRXUVHVLQFROOHJHVDQGXQLYHUVLWLHVFDQLPSURYHWKHQRQHOHFWURQLFVWXGHQWV¶LQWHUHVWLQJLQOHDUQLQJ
(OHFWURQLF 'HVLJQ OHW WKH (OHFWURQLF 'HVLJQ JHW D PRUH HIIHFWLYH DQG ZLGHU SURPRWLRQ DQG LPSURYH WKH VWXGHQWV

LQQRYDWLRQDELOLW\DQGPDQLSXODWLYHDELOLW\

3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI,QIRUPDWLRQ(QJLQHHULQJ5HVHDUFK,QVWLWXWH

.H\ZRUGV(OHFWURQLF'HVLJQ7HDFKLQJ3XEOLF(OHFWLYH&RXUVHV
,QWURGXFWLRQ
('$ (OHFWURQLF 'HVLJQ$XWRPDWLRQUHIHUV WR WKH HOHFWURQLF &$' JHQHUDOL]HG VRIWZDUH SDFNDJH WKDW LV
FRQVWUXFWHGRQWKHFRPSXWHUSODWIRUPDQGGHYHORSHGE\WKHLQWHJUDWLRQRIWKHODWHVWGHYHORSPHQWVRIDSSOLHG
HOHFWURQLF WHFKQRORJ\FRPSXWHU WHFKQRORJ\DQG LQWHOOLJHQW WHFKQRORJ\:LWK('$HOHFWURQLFHQJLQHHUVFDQ
VWDUW IURP WKH FRQFHSW DOJRULWKPV SURWRFROV WR JXLGH WKH FRPSXWHU LQ FLUFXLW GHVLJQ SHUIRUPDQFH DQDO\VLV
ILQDOO\WKHZKROHSURFHVVRI(OHFWURQLF'HVLJQRI,&OD\RXWRU3&%OD\RXW>@$VWKHEDVLFPHDQRIFLUFXLWDQG
V\VWHPGHVLJQLQWKHVWFHQWXU\($'WHFKQRORJ\LVFRQWLQXLQJWRPDWXUH,QWURGXFLQJWKH($'WHFKQRORJ\
LQWRWKHWHDFKLQJRIHOHFWURQLFFRXUVHLQFROOHJHVDQGXQLYHUVLWLHVDGRSWLQJWKH('$VLPXODWLRQWHFKQRORJ\WR
FRPSOHWHWKHGHPRQVWUDWLRQH[SHULPHQWVDQGYDOLGDWLRQH[SHULPHQWVRIFLUFXLWFRXUVHOHDGWRWKHLQWXLWLYHDQG
YLYLGH[SHULPHQWDOFRQFOXVLRQZKLFKLQVSLUHVWKHVWXGHQWV¶SDVVLRQLQOHDUQLQJDQGFUHDWLQJDWWKHVDPHWLPH
LWDOVRLPSURYHWKHVWXGHQWV¶LQQRYDWLRQDELOLW\DQGHQKDQFHWKHLUFRQILGHQFHWRSDUWLFLSDWHLQWKH³(OHFWURQLF
'HVLJQ´&RQWHVW )RU UHPRWH ORFDO FROOHJHV WKH LQWURGXFWLRQ RI ($' FDQ DOVR EH HIIHFWLYH LQ UHGXFLQJ WKH
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H[SHULPHQWDO LQYHVWPHQW HDVH WKH SUHVVXUHV RI H[SHULPHQWDO HTXLSPHQW VKRUWDJH LQ ORFDO FROOHJHV DQG
XQLYHUVLWLHVGXH WR WKH LQFUHDVLQJHQUROOPHQW>@ ,QWURGXFLQJ WKH('$ WHFKQRORJ\ LQWRQRQHOHFWURQLFSXEOLF
HOHFWLYHFRXUVHVWKHQPDNHVWXGHQWVOHDUQ(OHFWURQLF'HVLJQLQDYLYLGDQGLQWXLWLYHSODWIRUPXQGHUVWDQGWKH
IDPLOLDU (OHFWURQLF 'HVLJQ LQ OLIH 7KH ('$ WHFKQRORJ\ FDQ DOVR VROYH VWXGHQWV¶ SUREOHPV LQ (OHFWURQLF
'HVLJQLPSURYHWKHLUSDVVLRQLQOHDUQLQJDQGFXOWLYDWHWKHLULQQRYDWLRQDELOLW\
6LPXODWLRQ7HFKQRORJ\DQG6RIWZDUH
7KHVLPXODWLRQLVHVVHQWLDOO\DVLPXODWRUUHVHDUFKEDVHGRQWKHVLPLODULW\SULQFLSOHZKLFKUHIHUVWRWKHXVH
RI PRGHO WR UHDSSHDU WKH HVVHQWLDO SURFHVV LQ WKH DFWXDO V\VWHP DQG VWXG\ WKH V\VWHP WKURXJK WKH PRGHO
H[SHULPHQW0RGHUQVLPXODWLRQWHFKQRORJ\V\VWHPVLPXODWLRQWHFKQRORJ\LVEDVHGRQDFRPSXWHUDVDFDUULHU
RIWKHPRGHOWRDFKLHYHWKHVLPXODWLRQHIIHFWRISK\VLFDOPRGHO7KHPRGHUQVLPXODWLRQWHFKQRORJ\LVPDGH
XSRIWKUHHIDFWRUVV\VWHPPRGHODQGFRPSXWHUDVVRFLDWHGZLWKPRGHOLQJPRGHOSURJUDPPLQJVLPXODWLRQ
H[SHULPHQWDQGDQDO\VLV WKHVHHOHPHQWVKDYHEHHQ LQWHJUDWHG LQRQH V\VWHPDVDPDMRU V\VWHPRI WKH('$
WHFKQRORJ\ LWV RSHUDWLRQ LQWHUIDFH LV YLVXDO YLYLG DQG FRQYHQLHQW VR LW LV HDV\ WR DFFHSW IRU QRQHOHFWURQLF
VWXGHQWV>@
7KHUHLVVRPDQ\('$VRIWZDUHRIFLUFXLWVLPXODWLRQ,QWKLVSDSHU7LQD3URZDVWDNHQDVDQH[DPSOH7LQD
3URLVRQHRIWKHLPSRUWDQWPRGHUQ('$VRIWZDUHLWLVPDLQO\XVHGLQVLPXODWLRQDQGVLPXODWLRQDQDO\VLVRID
GLJLWDOFLUFXLW,QWKHPDWWHURIVLPXODWLQJFLUFXLWDQDO\VLVLQDGGLWLRQWRVLPXODWLRQDQDO\VLVIXQFWLRQVVXFKDV
'& DQDO\VLV LQVWDQWDQHRXV DQDO\VLV VLQXVRLGDO VWHDG\VWDWH DQDO\VLV )RXULHU DQDO\VLV WHPSHUDWXUH VZHHS
SDUDPHWHUVZHHSZRUVWFDVHDQG0RQWH&DUORVWDWLVWLFVWKDWRZQHGE\JHQHUDOVLPXODWLRQVRIWZDUHLWFDQDOVR
FDUU\RXW LQGH[GHVLJQRQRXWSXW SRZHU DQGRSWLPL]DWLRQ FDOFXODWLRQRQ WKHSDUDPHWHUV RI FLUFXLW HOHPHQWV
0RUHRYHU LW KDV D IXQFWLRQ RI V\PEROLF DQDO\VLV ZKLFK PHDQV WKDW LV FDQ SURYLGH WKH H[SUHVVLRQ RI WLPH
GRPDLQWUDQVLHQWSURFHVVRUIUHTXHQF\GRPDLQ WUDQVIHU IXQFWLRQ7LQD3URKDVWKHIXQFWLRQRI5)VLPXODWLRQ
DQDO\VLV DELOLWLHV WR GUDZ WKH SROH]HUR GLDJUDP SROH GLDJUDP SKDVRU GLDJUDP 1\TXLVW GLDJUDP DQG
RWKHUV>@
,Q WKHPDWWHURIGLJLWDOFLUFXLWDQDO\VLV7LQD3URVXSSRUWV9+'/ODQJXDJHKDYLQJ WKHIXQFWLRQVRI%86
DQG YLUWXDO FRQQHFWLRQ DQG VR RQ 7LQD 3UR DOVR KDV HLJKW YLUWXDO PHDVXULQJ LQVWUXPHQWV DSSDUDWXV DQG
FRPSRQHQWV DUH FRQQHFWHG E\ D YLUWXDO FRQQHFWLRQ WKH G\QDPLF SUHVHQWDWLRQ IXQFWLRQ RI YLUWXDOPHDVXULQJ
LQVWUXPHQWV VXFK DV PXOWL WUDFH RVFLOORVFRSH LV DQ H[FHOOHQW HOHFWURQLF WHDFKLQJ DLG 7LQD 3UR FDQ EH
FRQQHFWHG WR GDWD DFTXLVLWLRQ LQVWUXPHQW RI UHDOWLPH VLJQDO JHQHUDWRU WKHUHIRUH LW FDQ FRPSDUH UHDOWLPH
PHDVXUHPHQWZLWKYLUWXDOVLPXODWLRQUHVXOWWKXVLWLVRQHRIWKHIHZSUDFWLFDOSURGXFWVWRDFKLHYHWKLVIXQFWLRQ
,QDGGLWLRQ7LQD3URLVDOVRRQHRIWKHIHZPDWXUHVRIWZDUHZLWKVLPSOLILHG&KLQHVHLQWHUIDFH>@,WFDQSOD\
WKH UROH RI KLJK HIILFLHQF\ KLJK SUHFLVLRQ LQ WKH GHYHORSPHQW DQG PDQXIDFWXUH RI HOHFWURQLF SURGXFWV LQ
HQJLQHHULQJSUDFWLFHPRUHRYHULWVLQWURGXFWLRQLQWRWKHWHDFKLQJRIQRQHOHFWURQLFSXEOLFHOHFWLYHFRXUVHVLQ
FROOHJHVDOVRKDVVRPHXQH[SHFWHGWHDFKLQJHIIHFW
6LPXODWLRQ([DPSOHV
7LQD3URLVDIDLUO\SHUIHFWYLUWXDOZRUNLQJSODWIRUPLWFRQWDLQVDSSUR[LPDWHO\PRUHWKDQGLVFUHWHRU
LQWHJUDWHG FLUFXLW FRPSRQHQWV 1RZ WKH 7LQD 3UR ZRUNLQJ SODWIRUP ZDV DGRSWHG WR FRQGXFW VLPXODWLRQ
H[DPSOHDQDO\VLVRQQRQHOHFWURQLFSXEOLFHOHFWLYHFRXUVHV
:KHQ WKH LQSXW VLJQDO LQ D FLUFXLW LV VLQXVRLGDO DQG WKH FLUFXLW KDV EHHQ LQ D VWDEOH ZRUNLQJ VWDWH WKH
VLQXVRLGDOVWHDG\VWDWHDQDO\VLVVKRXOGEHDGRSWHG+RZHYHUIRUQRQHOHFWURQLFVWXGHQWVWKH\PD\ILJXUHRXW
KRZLWZRUNVZKHQWKHLQSXWVLJQDOLVGLUHFWFXUUHQWLQEDVLFVHULHVSDUDOOHOFLUFXLWWKHVLQXVRLGDOVWHDG\VWDWH
DQDO\VLVVHHPVPRUHGLIILFXOWIRUWKHPQH[W7LQD3URZDVXVHGWRFDUU\RXWVLQXVRLGDOVWHDG\VWDWHDQDO\VLV,Q
RUGHUWRKDYHDPRUHIXOOH[SODQDWLRQWKHVHULHVSDUDOOHORILPSHGDQFHZDVWDNHQDVDQH[DPSOH
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)LJ6KRZVWKHVHULHVSDUDOOHOFLUFXLWRILPSHGDQFHWKHSULQFLSOHRIWKLVFLUFXLWLVNQRZQDVIROORZLQJ$W
DQ\LQVWDQWWKHFXUUHQW¶VDOJHEUDLFVXPDWDQ\QRGHLVLGHQWLFDOO\HTXDOWR]HURDWDQ\LQVWDQWDORQJDQ\ORRS
FLUFXODWLRQGLUHFWLRQWKHYROWDJH¶VDOJHEUDLFVXPLQORRSLVLGHQWLFDOO\HTXDOWR]HUR

7KHRUHWLFDO$QDO\VLV
7KH FLUFXLW LQ )LJ VKRZV
  = M= + Ω    = M= + Ω    = M= + Ω 9* 8  9 9* 8  9 
WKHWKHRUHWLFDOFDOFXODWLRQYDOXHRI$0LV
$0 Ǆ$$0 Ǆ$$0 Ǆ$˗
=
8  Ǆ9  =8  Ǆ9  =8  Ǆ9 
6WXGHQWVRIQRQHOHFWURQLFPDMRUFDQQRWXQGHUVWDQGWKHDERYHNQRZOHGJHWKH\MXVWOHDUQLWE\UHFLWLQJVR
LWLVFRPSOHWHO\XQIDPLOLDUIRUWKHP
7KH(VWDEOLVKPHQWDQG$QDO\VLVRI6LPXODWLRQ&LUFXLW
&LUFXLW(VWDEOLVKPHQW7KH H[SHULPHQWDO FLUFXLW GLDJUDPDQDO\]HGZLWK WKHXVHRI7,1$ LV VKRZQ LQ
)LJ ,Q WKHGHVLJQ LQWHUIDFHRI7,1$ FOLFNHGRQ WKH UHTXLUHGFRPSRQHQWV IURP WKHFRPSRQHQWEDU%DVLF
0HWHUVWKHQFRQQHFWHGWKHFLUFXLWDFFRUGLQJWRWKHFLUFXLWGLDJUDPEHVXUHWRVHOHFWWKHUHIHUHQFHSRLQW7KHQ
FRPSOHWHGWKHSDUDPHWHUVHWWLQJRI9*ǃ9*ǃ = ǃ = ǃ = DFFRUGLQJWRWKHNQRZQFRQGLWLRQV
6LPXODWLRQ$IWHUWKHFRPSOHWLRQRISDUDPHWHUVHWWLQJPRYHGRQWRWKHVLQXVRLGDOVWHDG\VWDWHDQDO\VLVRI
WKHFLUFXLW
 &DOFXODWHG WKH FXUUHQW DQG YROWDJH LQ WKH FLUFXLW &OLFNHG RQ WKH DQDO\VLV LQPHQX EDU FKRVH ³$&ķ
DQDO\VLVFDOFXODWHQRGDOYROWDJHV´ WKHQWKHFLUFXLWZLOOVKRZWKDW$0LV$DQGLWVSKDVHLVǄ
$0LV$DQGLWVSKDVHLVǄ$0LV$DQGLWVSKDVHLVǄPHDQZKLOHDFXUVRUORRNVOLNH
DSUREHZLOOSRSXSPRYHGWKHFXUVRUWRWKHWHVWHGFRPSRQHQW³ = ´DQGFOLFNHGWKHOHIWPRXVHEXWWRQWKH
FXUUHQWGLUHFWLRQSDVVHG³ = ´ZLOOEHGHPRQVWUDWHGLQWKHFLUFXLWDQGDGLDORJXHER[ZLOOSRSXS WKHGLDORJ
ER[ZLOOGHPRQVWUDWHWKHYDOXHRI³ =8 ´WKH$&YROWDJHLV9DQGLWVSKDVHLVǄDVVKRZQLQ)LJ
6LPLODUO\ WKH YDOXH RI ³ =8 ´VKRZV WKH$&YROWDJH LV9 DQG LWV SKDVH LVǄ DQG WKH YDOXH RI
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³ =8 ´VKRZV WKH $& YROWDJH LV 9  DQG LWV SKDVH LVǄ DOO RI WKHP DUH FRQVLVWHQW ZLWK WKH
WKHRUHWLFDOYDOXHV

)LJ6LPXODWLRQ5HVXOWV
7DEOHRI$&UHVXOWV&OLFNHGRQWKHDQDO\VLVLQPHQXEDUFKRVH³$&DQDO\VLV7DEOHRI$&UHVXOWV´ĸ
HDFKQRGHLQWKHFLUFXLWZLOOEHGHPRQVWUDWHGE\VTXDUHVPHDQZKLOHWKHGLDORJXHER[ZLOOSRSXSDOOQRGHV
DQG$&YROWDJHVDQGSKDVHVEHWZHHQQRGHVZLOOEHGHPRQVWUDWHGLQWKHGLDORJER[WKHFXUVRUZLOODOVRFKDQJH
LQWRDSUREH±W\SHFOLFNHGRQ³ = ´WKH´9 = >@ 9EDULQWKHGLDORJER[ZLOOWXUQUHGLW
PHDQVWKDWWKH$&YROWDJHEHWZHHQQRGHDQGQRGHEHVLGHV³ = ´LV9DQGLWVSKDVHLV
Ǆ$V
VKRZQLQ)LJ7KHQFRQGXFWHG$&UHVXOWVDQDO\VLVRQRWKHUFRPSRQHQWVLQWXUQ

)LJ7DEOHRI$&5HVXOWV
  3KDVRU GLDJUDP&OLFNHG RQ WKH DQDO\VLV LQPHQX EDU FKRVH ³$& DQDO\VLV  3KDVRU'LDJUDP´ WKHĹ
SKDVRUGLDJUDPRILQSXWVLJQDO$0$P$PVKRZQLQ)LJZLOOSRSXS
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 
7LPHIXQFWLRQ&OLFNHGRQWKHDQDO\VLVLQPHQXEDUFKRVH³$&DQDO\VLVWLPHIXQFWLRQ´WKHGLDORJĺ
ER[RISDUDPHWHUVHWWLQJZLOOSRSXSVHWWKHSDUDPHWHUVIROORZLQJWKH³6WDUWWLPH´ǃ³(QGWLPH´ǃ³1XPEHURI
SRLQWV´³'UDZH[FLWDWLRQ´LQGLDORJER[DIWHUWKHSDUDPHWHUVVHWWLQJSUHVVHGWKH2.EXWWRQWRGUDZDFKDUW
RIWLPHIXQFWLRQDVVKRZQLQ)LJ
7KHXVLQJRI7LQD3URFDQOHWWKHVWXGHQWVRIQRQHOHFWURQLFPDMRUKDYHDPRUHLQWXLWLYHXQGHUVWDQGLQJRI
WKH VLQXVRLGDO VWHDG\VWDWH DQDO\VLV WKH FXUUHQW GLUHFWLRQ DQG WKH UHODWLRQVKLSEHWZHHQ WLPH DQGRXWSXWZLOO
YLVXDOO\DSSHDULQVWXGHQWV¶PLQG)XUWKHUPRUHLWFDQVDYHPXFKWLPHIRUPDQ\(OHFWURQLF'HVLJQVWKDWFDUU\
RXWKDUGZDUHFLUFXLWWHVWDIWHUWKHVLPXODWLRQYHULILFDWLRQWKXVLPSURYLQJWKHVXFFHVVUDWHRIFLUFXLWGHVLJQDV
ZHOO DV VWXGHQWV¶PDQLSXODWLYH DELOLW\ DQG LQQRYDWLRQ DELOLW\PRUHRYHU WKH XVLQJ RI 7LQD 3UR FDQPDNH D
EHWWHU XVH RI OLPLWHG UHVRXUFHV OHW WKH QRQ HOHFWURQLF VWXGHQWV KDYH D GHHSHU XQGHUVWDQGLQJ RI HOHFWURQLF
SURGXFWVDURXQGWKHPHYHU\ZKHUH
&RQFOXVLRQ
('$WHFKQRORJ\LVDUHYROXWLRQLQWKHILHOGRI(OHFWURQLF'HVLJQLWLVQRZLQDVWDJHRIUDSLGGHYHORSPHQW
ZLWKULFKUHVRXUFHVDQGSRZHUIXOIXQFWLRQV7KHDSSOLFDWLRQRI('$WRWKHWHDFKLQJRIQRQHOHFWURQLFVWXGHQWV
VROYHVPDQ\SUDFWLFDOSUREOHPV VWXGHQWVZLOOKDYHDPRUH LQWXLWLYHXQGHUVWDQGLQJRI WKHDEVWUDFWHOHFWURQLF
FRXUVHVWKURXJK('$SODWIRUPDQGDQHZXQGHUVWDQGLQJRIVFLHQFHOHDUQLQJWKXVLPSURYLQJWKHLULQWHUHVWVDW
WKH VDPH WLPH WKH DSSOLFDWLRQ RI ('$ DOVR KDV D VLJQLILFDQW PHDQLQJ LQ FXOWLYDWLQJ VWXGHQWV¶ DELOLWLHV LQ
LQQRYDWLRQDQGPDQLSXODWLRQ
$FNQRZOHGJPHQW
)XQG ,WHPV 7KH NH\ VXSSRUWLQJ GLVFLSOLQHV LQ *XL]KRX 3URYLQFH 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